V(D)J recombinase mediates rearrangements at immune loci and cryptic recombination signal sequences (cRSS), resulting in a variety of genomic rearrangements in normal lymphocytes and leukemic cells from children and adults. The frequency at which these rearrangements occur and their potential pathologic consequences are developmentally dependent. To gain insight into V(D)J recombinase-mediated events during human development, we investigated 265 coding junctions associated with cRSS sites at the hypoxanthine-guanine phosphoribosyltransferase (HPRT) locus in peripheral T cells from 111 children during the late stages of fetal development through early adolescence. We observed a number of specific V(D)J recombinase processing features that were both age and gender dependent. In particular, TdT-mediated nucleotide insertions varied depending on age and gender, including percentage of coding junctions containing N-nucleotide inserts, predominance of GC nucleotides, and presence of inverted repeats (P r -nucleotides) at processed coding ends. In addition, the extent of exonucleolytic processing of coding ends was inversely related to age. We also observed a coding-partner-dependent difference in exonucleolytic processing and an age-specific difference in the subtypes of V(D)J-mediated events. We investigated these age-and gender-specific differences with recombination signal information content analysis of the cRSS sites in the human HPRT locus to gain insight into the mechanisms mediating these developmentally specific V(D)J recombinase-mediated rearrangements in humans.
T he development of a mature and diverse immune system is generated by V(D)J recombinase-mediated genomic recombination in lymphoid cells occurring primarily during the late stages of fetal and early childhood development. These somatic DNA rearrangements are mediated by the recombinaseactivating gene 1 and 2 proteins (RAG1/2) 3 and nonhomologous end joining (NHEJ) proteins (reviewed in Refs. [1] [2] [3] . Normal recombination events rearrange variable (V), diversity (D), and joining (J) segments of the Ig and TCR genes allowing for diversity in Ag-specific recognition. The sites of genomic rearrangement are specified by recombination signal sequences (RSS) that immediately flank each immune gene segment. Immune-specific RSS are composed of heptamer (consensus CACAGTG) and nonamer (consensus ACAAAAACC) sequences separated by a 12-or 23-nonconserved base pair spacer. Efficient joining of sites takes place between a 12-and a 23-bp RSS. The RAG1/2 proteins and the high-mobility group DNA-binding proteins HMG1 and HMG2 bind and align the RSS within a synaptic complex. The DNA is subsequently cleaved generating double-strand breaks at the borders between the coding gene segments and the RSS. The blunt 5Ј phosphorylated signal ends, containing the RSS, ligate forming a signal joint that is usually a precise joining of the heptamer sequences with no addition or loss of nucleotides. The covalently sealed hairpin coding ends must be opened and processed before they can be joined (Fig. 1) . The end processing and joining are conducted by the NHEJ protein complex along with the RAG 1/2 proteins. The hairpin coding ends are opened by nicking (Fig. 1) . Nicking can occur a few bases from the terminal position creating a short single-stranded extension, which, when incorporated into the junction, generates a short palindromic region (P-nucleotides). The coding ends can then be subject to exonucleolytic activity that results in a loss of bases, the amount and extent of which is associated with the sequence context at the coding end (4 -6) . TdT adds nontemplated nucleotides (N-nucleotides) to the 3Ј termini of DNA strands. TdT preferentially adds G nucleotides resulting in primarily G-C rich N-regions (7) . Inverted repeats, dependent on TdT activity, have been observed at exonucleolytically processed coding ends. The current model for this occurrence suggests that they are the consequence of stem loop structures formed by complementary N-nucleotide sequences. The proposed processing of these structures by Artemis:DNA-PKcs is thought to result in the presence of recessed inverted repeats termed Pr-nucleotides ( Fig.  1) (8, 9) . After processing, there is alignment-based gap fill-in, believed mediated by the family X polymerases pol and pol , followed by end ligation resulting in a coding joint that is retained in the chromosome (8) . The exonucleolytic activity as well as the P-nucleotide and N-nucleotide insertions add variability at the coding joint and contribute to the diversity of Ag-specific recognition. These reactions result in the molecular "signature" of V(D)J recombinase-mediated genomic events.
RAG-mediated rearrangements have been observed at nonimmune cryptic RSS (cRSS) sites with both pathologic and nonpathologic consequences. Pathologic events have been associated with numerous cytogenetic alterations at clinically significant genes associated with T and B cell leukemia. These events include but are not limited to sil-tal1 deletions, as well as rearrangements at the MLL and MTS loci (10 -18) . Nonpathologic V(D)J recombinase rearrangements have also been observed and studied at the hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene.
RAG-mediated rearrangements occur within the HPRT gene, resulting in the deletion of a DNA fragment of ϳ20 kb, which include exons 2 and 3 ( Fig. 2) (19 -22) . Analysis of the breakpoints of these deletion events identified multiple cRSS sites that result in three different RAG-mediated deletions. The two most common HPRT RAG-mediated deletions involve a single 5Ј cRSS adjacent to position 2197 in intron 1, in combination with a 3Ј cRSS adjacent to either position 22251 or 22569 within intron 3 (termed class I and class III, respectively; Fig. 2 ). These specific RAGmediated events have no clinical consequences and render the HPRT locus a useful, in vivo, unselected biomarker for studying cRSS-mediated V(D)J recombination events.
We previously reported that the frequency of HPRT V(D)J recombinase-mediated deletions in T cells from preterm and fullterm newborns is age and gender specific (23) . Specifically, V(D)J recombinase-mediated HPRT deletions were shown to increase ϳ13% with each week of decreasing gestational age and were significantly higher in females (22, 23) . We also observed that the percentage of RAG-mediated coding joints in the preterm newborns that FIGURE 1. Schematic of coding end processing leading to P-nucleotide and Pr-nucleotide inserts at coding joints. A, The formation of a coding joint with P-nucleotides and N-nucleotide additions. B, The exonucleolytic processing at the 5Ј coding end and the generation of Pr-nucleotides. Filled and open triangles represent the RSS sites. Bolded nucleotides are from the coding end. Uppercase unbolded nucleotides are P-nucleotides. Ns represent N-nucleotides whereas lowercase nucleotides are Pr-nucleotides (N-nucleotides that result in an inverted repeat).
did not contain N-nucleotide insertions was significantly higher compared with full-term newborns, suggesting that TdT activity increases with increasing gestational age (22) .
Previous studies of V(D)J coding joints from unselected substrates have focused on processing of plasmid V(D)J substrates (4 -6, 24) . Our laboratory has generated a large database of 196 new and 69 previously published HPRT class I and class III RAGmediated coding joints occurring in healthy children during human development (19, 20, 22) . In this study, we examine gender-and age-dependent differences in V(D)J recombinase-mediated rearrangements occurring in vivo by analyzing coding joint processing at the HPRT locus, an unselected chromosomal V(D)J substrate during the late stages of fetal development through early adolescence.
Materials and Methods

Study populations and sample isolation
Heparinized umbilical cord blood samples were obtained from preterm infants (26 -35 wk gestation), full-term infants (36 -42 wk gestation), and heparinized peripheral blood samples from healthy children Յ 12.5 years of age. These subjects were recruited from the labor and delivery unit at Fletcher Allen Health Care hospital at the University of Vermont College of Medicine and the general pediatric clinics of the Department of Pediatrics at the University of Vermont. Informed consent was obtained for all subjects, following the procedure approved by the Committee on Human Research at the University of Vermont. In addition, umbilical cord blood samples were also obtained from healthy newborn infants and healthy infants of HIV-infected mothers treated with Combivir or its components AZT (zidovudine) and 3TC (lamivudine) as part of a cohort study. The following clinical centers participated in this study under agreements with Westat (Albany Medical Center, San Juan City Hospital, Howard University Hospital, Harlem Hospital Center, Los Angeles County/University of Southern California Medical Center, and the University of Texas Southwestern Medical Center) and clinical centers in the Women and Infants Transmission Study. Institutional Review Board approval for this research protocol and the standardized informed consent forms for this study were obtained independently from each collaborating center. V(D)J coding junction information from samples obtained from healthy children treated in utero with anti-HIV therapy was only included in the deletion profiles, showing exonucleolytic processing of the coding end sequences.
Previously published V(D)J recombinase-mediated coding joint sequence of HPRT 2-3 deletion mutants were included from umbilical cord blood samples, healthy preterm and full-term infants (19, 22) , and peripheral blood samples from healthy children (20) were included in this study.
Isolation of V(D)J recombination-mediated HPRT exon 2 and 3 deletion mutants
Mutants were isolated from peripheral or cord blood, using the HPRT T cell cloning assay that selects for individual T lymphocytes that have acquired an in vivo mutation resulting in a loss of HPRT activity as described previously (25, 26) . Mutant clones are expanded in vitro, pelleted, and frozen at Ϫ80°C for future molecular analysis.
Cell pellets of HPRT mutant clones were used to generate cDNA and subjected to PCR analysis to amplify the coding region of HPRT as described previously (25) . HPRT mutant clones showing loss of exons 2 and 3 in cDNA were then analyzed for evidence of V(D)J recombinase-mediated deletion. Genomic PCR analysis, across the breakpoints of the V(D)J recombinase-mediated exon 2-3 deletion mutants, was conducted as previously described using primers that anneal at nucleotides 1835-1851 (sense), 22742-22719 (antisense for class I and III), and 20327-20304 (antisense for class II) of the HPRT gene, which generates products of ϳ860 bp (class I), 600 bp (class II), or 570 bp (class III) (20, 21) . Over 95% of the mutants that showed the loss of exons 2 and 3 in cDNA and their deletion in genomic DNA yielded a product consistent with a RAG-mediated event. Approximately 92% of the RAG-mediated events identified were class I and ϳ8% were class III. Although routinely screened for, the class II event has only been observed twice. All PCR products were analyzed on 1.4% agarose gels, the specific bands isolated and purified using QIAquick-spin columns (Qiagen). The PCR products were then sequenced by the Vermont Cancer Center Sequencing Facility at the University of Vermont, using Taq DyeDeoxy terminator cycle sequencing (ABI) on an ABI automated sequencer model 373A. HPRT nucleotide numberings are based on the HPRT genomic sequence submitted to DNA Data Base in Japan/European Molecular Biology Laboratory/GenBank database under accession number M26434.
Coding junction analysis
As described above, previously published HPRT V(D)J coding junctions as well as sequences from on going studies were gathered for this analysis. The number of coding joints examined varied from 1 to 9 coding junctions per patient. Our analysis was conducted on 40 V(D)J coding junctions from 19 preterm newborns, 170 coding junctions from 52 full-term newborns, and 55 coding junctions from 40 children ranging from 1 to 12.5 years of age. A complete summary of the HPRT V(D)J recombinase-mediated coding joint analysis of mutant isolates from these children, including templated 5Ј and 3Ј P-nucleotides, nucleotide nibbling, nontemplated N-nucleotide insertions, and nucleolytically processed termini Pr-nucleotides, is provided as an online Supplemental Table. 4 Comparison of the HPRT V(D)J recombinase-mediated class I and class III coding junctions used the healthy preterm and full-term newborn samples composed of 192 class I and 18 class III coding junctions as well as 142 class I coding junctions and 10 class III coding junctions from 7 healthy preterm and 36 healthy fullterm newborns treated in utero with anti-HIV drugs.
Similar to previous studies of coding end processing, systematic sets of rules were used in scoring deleted and inserted bases (4) . First, nucleotide loss at each coding end was determined, as compared with the consensus (unprocessed) coding ends. Nucleotide loss at each coding partner was summed to give the overall number of bases excised within each coding joint. Second, the inserted bases were scored as either templated (P-nucleotides) or nontemplated (N-nucleotides). The N-nucleotides were subsequently analyzed for the presence of inverted repeats at nucleolytically processed termini (P r -nucleotides). In two cases, one of three P r -nucleotides in the coding joint could be assigned to either coding-end. These were scored as positive for the presence of P r -nucleotides at both ends in this analysis. When analyzed for P r -nucleotide inclusion within a coding joint 4 The online version of this article contains supplemental material. these events were scored as one positive event. The coding junction information was then examined based on age and gender differences as well as the class of RAG-mediated HPRT deletion event. Statistical analyses to examine variations between different sample groups were performed via the unpaired Student's t test.
Statistical analysis of TdT-mediated insertions
For the analysis of dinucleotide pairs, the total N-nucleotide sequences were analyzed for the overall frequency of each mononucleotide. We then calculated the expected frequency of each dinucleotide pair. For example, G nucleotides were observed at a frequency of 0.2861; therefore, the probability of a GG dinucleotide would be 0.2861 ϫ 0.2861 or 0.0819. For the analysis of 1165 dinucleotide pairs, GG dinucleotides would be expected to be observed 95 times. In our analysis, we observed 151 GG dinucleotides. We then conducted a 2 goodness-of-fit test with 1 degree of freedom and obtained the p value. For GG dinucleotides, p Յ 0.001.
Statistical analysis of P r -nucleotide insertions was conducted for the first base inserted via TdT activity in all samples. The frequency of processed coding termini ending in each mononucleotide was calculated for each age group analyzed. The frequency of each monomer in the N-nucleotides added for each age group was then used to determine the expected frequency of each palindromic dinucleotide pair. For example, in preterm samples, 13.47 complementary pairs would be expected of 52 processed coding ends. We observed only 5 complementary coding ends. A 2 goodness-of-fit test with 1 degree of freedom was then conducted and for preterm infants ( p ϭ 0.021). For samples from full-term newborns, a similar analysis was conducted for the first and second bases inserted via TdT activity.
Results
We investigated the relationship between V(D)J recombinase-mediated events at nonimmune cRSS sites and human development by examining coding junction processing at RAG-mediated HPRT class I and class III deletions in 265 peripheral T cell mutants from subjects 26 wk postgestation to 12.5 years of age.
Analyses of P-nucleotides at class I coding junctions
P-nucleotide calculations were conducted solely on the class I coding junctions as only 6% the class III coding junctions showed full-length coding ends (Supplemental Table) . P-nucleotides were observed in 26% of all coding junctions and in 55% of all fulllength coding ends (Table I) . There is an increase in P-nucleotide insertions at the 5Ј HPRT coding end, with 58% of the unprocessed termini having P-nucleotide inserts compared with 46% at the 3Ј class I coding end. It has been previously shown that cleavage of the hairpin intermediate varies depending on the coding end sequence, which then results in variation of the size and amount of P-nucleotide insertions observed at an individual coding end (5, 6) . These data suggest that the differences we see in P-nucleotide insertion are likely due to sequence variation at the coding ends. When we separated these samples by age and gender, we observed no apparent difference in the frequency of P-nucleotide insertions, suggesting that there is no developmental difference in the nicking mechanism responsible for the generation of these inverted repeats.
N-nucleotide additions at coding junctions
We evaluated TdT activity during pediatric development by examining the percentage of V(D)J coding junctions that were free of N-nucleotide additions. We observed an apparent significant age dependent increase in TdT activity as reflected by the decrease in the percentage of coding junctions without N-nucleotides with increasing age ( Fig. 3 and Supplemental Table) . There was also a gender-specific trend observed in all age groups examined suggesting that TdT activity is higher in females throughout pediatric development. However, due to the smaller sample size, this trend was not significant ( p ϭ 0.065). These results are consistent with and expand the previous observations seen in preterm and fullterm newborns (20, 27) .
TdT has previously been shown to preferentially add G nucleotides, resulting in a higher GC content. Overall, the GC content of the N-region was 59%. However, when we separated these samples by age and gender, we observed that the GC content was significantly higher than 50% (55-65%, p Յ 0.02) in all samples, except preterm males, which showed a GC content of 47% (Table  II) . In a concurrent study looking at coding joints at the TCR-␤ locus during the same age intervals, we observed a similar trend with N-regions from preterm males having an average GC content of 46% while all other samples remained significantly Ͼ50% (J. M. Murray, J. P. O'Neill, T. Messier, J. Rivers, V. E. Walker, P. M. Vacek, and B. A. Finette, unpublished observations). These data suggest that the TdT specificity for dGTP is lower in preterm males, compared with all other age-and gender-specific groups included in this study, further supporting an apparent age-and gender-specific difference in TdT activity and specificity.
Dinucleotide insertions via TdT
Previous studies, examining plasmid V(D)J substrates, have shown that TdT insertions favor homopolymer tracts. In addition, homodinucleotide (purine-purine, RR and pyrimidine-pyrimidine, YY) inserts occurred at a higher than expected level and all heterodinucleotide inserts (RY and YR) occurred less often than expected (4). We conducted a similar analysis using the overall Nnucleotide base composition for our coding junctions (A ϭ 0.2031, C ϭ 0.3015, G ϭ 0.2861, T ϭ 0.2094) and the total number of dinucleotides in these junctions (n ϭ 1165). An overall preference for RR and YY nucleotides was observed with all eight pairs being at or above the expected value (GG and CC pairs being significantly above expected values; Table II and Supplemental Table) . For RY and YR pairs, six of eight were significantly below the expected levels. However, AT dinucleotides were observed at the expected levels, and TA dinucleotides were observed at significantly higher levels than expected, suggesting there is more tolerance for these hetero-dinucleotides than was observed using plasmid substrates. An analysis of dinucleotide insertions at different developmental stages did not demonstrate an observable difference in the preference for homo-dinucleotides (data not shown).
Inverted repeats at nucleolytically processed termini
It has been previously reported that TdT activity can add complementary nucleotides (termed P r -nucleotides) to processed coding ends resulting in inverted repeats at the coding end borders and that the frequency of these additions is greater than predicted if these were the result of random nucleotide insertions (4). Gauss and Lieber (4) observed, using plasmid substrates, that coding junctions containing N-nucleotides had P r -nucleotide inserts at 25% of the processed coding ends and in 40% of the coding joints. Our analysis showed similar results with 28% of the processed coding ends and 42% of the coding junctions in HPRT having these inverted repeats. However, when we separated these samples by age and gender, we observed age-specific differences in the amount of P r -nucleotide insertions (Table I , Fig. 4 and Supplemental Table) . P r -nucleotides are observed most frequently in coding junctions from full-term newborns, with 32% of all processed coding ends and 48% of all N-nucleotide containing coding joints showing these inverted repeats. The lowest frequency was observed in preterm newborns with 9 and 15%, respectively, while 1-12.5 year olds showed an intermediate level with 27 and 39%, respectively. Statistical analysis demonstrated that preterm newborn samples had inverted repeats at processed coding ends at significantly lower levels than expected if the nucleotides were randomly inserted (first base inserted p ϭ 0.021). Full-term newborn samples showed significantly higher levels of inverted repeats at processed coding ends than expected (first base inserted p ϭ 0.005, first and second base inserted p ϭ 0.003). In the samples from 1 to 12.5 year olds, the P r -nucleotide inserts were not significantly different than expected due to random insertion via TdT activity. In all age groups, the coding junctions from females showed a higher level of P r -nucleotides compared with males. The differences ranged from a 23% increase for females vs males in full-term newborns to a 75% increase in preterm newborns. However, due to small sample size the gender-specific variations were not significant (Table I) . These data again suggest that the TdT activity may be regulated differently during human development.
Microhomology usage at coding junctions
Microhomology-directed end-joining as an alternate mechanism for double-strand break repair has been observed in both murine and human coding junctions in the absence of TdT activity.
Twenty nine of 265 coding joints analyzed had no N-nucleotides. Of these 17% showed evidence of microhomology of either 1 or 2 bases demonstrating that in the absence of N-nucleotide additions microhomology can be used for the formation of coding junctions at the HPRT locus.
Nucleotide loss at the coding ends
We observed an increase in nucleotide loss at coding ends in newborns (78%) compared with 1-12.5 year olds (68%) ( Table II and  Supplemental Table) . The extent of nucleotide loss per individual coding junction also varied significantly with age ( p ϭ 0.013); newborn coding joints average 7.6 bases deleted (preterm 6.7, fullterm 7.8) and 1-12 year olds having an average of 5.4 bases deleted (Table II) . There was less processing at 5Ј coding ends (3.4 bases deleted) compared with 3Ј coding ends (5.3 bases deleted). This was consistent for both genders and all ages studied. Coding end sequences have been shown to influence the extent of nucleolytic processing as well as the deletion profile (4 -6). The 3Ј coding end in both class I and class III coding junctions, positions 22251 and 22569, respectively, showed a larger percentage of base loss than the 5Ј end at position 2197 of the HPRT gene (Table III) .
Comparison of V(D)J processing at HPRT class I and class III coding junctions
In this study, of 265 V(D)J-mediated deletion in HPRT, the class I event (2197-22251) is observed in ϳ92% of RAG-mediated deletions of exons 2 and 3 while the class III events (2197-22569) FIGURE 4. P r -nucleotide additions at nucleolytically processed coding ends (A) or coding junctions (B) with N-nucleotide additions. Junctions were scored as positive if one or both ends showed evidence of these inverted repeats. The amount of Pr-nucleotides varies with age and appears to be higher in females compared with males in all age groups.-account for ϳ8% of these deletions ( Fig. 2 and Supplemental Table) . This is consistent with previous studies showing class III events accounting for 4 and 6% of the HPRT V(D)J deletions in newborns and 0 -16 year olds, respectively. In our comparison of class I and class III coding junctions we limited our analysis to newborn samples as 86% of all class III events in healthy children have been identified in newborns. We compared 18 class III coding junctions to 192 class I coding junctions the percentage of these coding junctions from preterm individuals is 11 and 19%, respectively. We were unable to compare the extent of P-nucleotide insertion and microhomology usage between class I and class III coding junctions, as 94% of class III coding ends are nucleolytically processed. For both class I and class III coding junctions, the average number of N-nucleotides inserted was 5.3 bases (Table   III) . However, the percentage of P r -nucleotides inserted is higher in class III coding joints, with 39% of coding ends with N-nucleotide addition and 71% of N-nucleotide containing coding junctions showing these inverted repeats compared with class I coding joints with 29 and 40%, respectively. The differences seen in P rnucleotide insertions were also observed at the shared 5Ј coding end with 27% of the class I ends showing these inverted repeats compared with 41% at the class III ends. These data suggest there is a difference in the processing at the 5Ј coding end depending on the 3Ј coding partner. Nucleolytic processing in the class III coding joints was higher with 94% of the coding ends demonstrating base loss compared with 87% of class I coding joints. Class III coding junctions had an average of 12.9 bases deleted compared with an average of 6.7 bases for class I coding joints. In addition, the increase in nucleolytic processing in the class III coding junctions is observed at both the 5Ј coding end, which is conserved in class I and class III coding junctions, and the 3Ј coding end (Table III) . The variation observed at the different 3Ј ends is expected, as the coding end sequence has been shown to effect end processing. The significant difference ( p Ͻ 0.0001), observed at the conserved 5Ј coding end, is unexpected and strongly suggests that the coding partner can affect nucleolytic processing.
To further evaluate the possible effect of different coding partners on coding end processing, we analyzed the deletion profile of the coding ends (Fig. 5) . The 3Ј coding ends have different coding profiles as would be expected since the coding end sequences vary. However, we also observed a clear difference in the deletion pattern at the common 5Ј coding end depending on the 3Ј joining partner used (Fig. 5 ). This analysis compared 18 class III coding junctions to 192 class I coding junctions all isolated from newborns. Due to the limited number of class III coding junctions, we included 142 class I and 10 class III junctions from an additional 43 healthy newborns of HIV-infected women that were treated with anti-HIV therapy in utero. Analysis of the coding junctions obtained from these newborns showed no significant difference in the overall processing of the ends as compared with the untreated newborns from this study (data not shown). When these coding ends were included in our analysis, the deletion profiles were conserved demonstrating that the nucleolytic processing of the 5Ј coding end in HPRT is dependent on the 3Ј coding partner.
Comparison of HPRT cRSS sequences to human RSS consensus sequences
As previously discussed, there is variable usage of the three 3Ј coding ends at the HPRT locus. Of all the class III coding junctions identified in healthy patients, 86% (18 of 21) are observed in newborns while no class III coding junctions have been observed in children older than 1.4 years of age. These data suggest that some cRSS sites may only be available for RAG-mediated recombination during certain stages of childhood development. To try to further understand the differential usage of these cRSS, we compared the one 5Ј and three 3Ј cRSS sites at the HPRT locus to consensus sequences constructed from 191 and 269 human, immunologic 12-and 23-RSS, respectively (available at ͗www.duke.edu/ϳlgcowell͘). All RSS included in defining the consensus sequence were associated with V, D, or J gene segments and classified as functional (Immunogenetics Information System (͗http:// imgt.cines.fr/͘)). In this set, the 12-RSS consensus sequence is CACAGTG ATACAGACCCTA ACAAAAACC; the 23-RSS consensus is CACAGTG AGGCAAAGTCATTGGGAACCTGG ACAAAAACC.
The four cRSS used in V(D)J recombinase-mediated HPRT deletions have varying degrees of similarity to the consensus human 12-and 23-RSS (consisting of 28 or 39 bp, respectively). All have the required CAC heptamer as well as an A nucleotide at position five of the spacer, which is well conserved in several species (28) . Of the 28-bp cRSS, the 3Ј class I cRSS at positions 22223-22250 in the HPRT locus is most similar to the human 12-RSS consensus, with 18 matches. The 3Ј class II cRSS at 20126 -20155 has 16 matches, the 5Ј cRSS sequence at 2198 -2226 has 11 matches, while the 3Ј class III cRSS from 22541 to 22568 matches the consensus at five positions. Thus, nucleotide identity with consensus ranges from 19 to 67% in this cRSS set. Although this may appear low, many human immune-specific 12-RSS are comparably dissimilar: 73 human 12-RSS (38%) have Յ18 matches to consensus, 33 (17%) have Յ16 matches, and one immune-specific RSS matches the consensus at only 11 positions.
When compared with the 23-RSS consensus, the 3Ј class II cRSS from 20117 to 20155 is most similar with 18 matches, the 5Ј cRSS from 2198 to 2237 has 15 matches, the 3Ј class III cRSS at 22430 -22568 matches at 14 nt, and the 3Ј class I cRSS at 22212-22250 matches at 12 nt. The percent similarities range from 32 to 47%. Eighteen immunologic 23-RSS (7%) match the human 23-RSS consensus at Յ18 positions, and two (ϳ1%) match the consensus at only 12 positions.
The degree of similarity between the four cRSS at the HPRT locus and the 12-or 23-RSS human consensus are consistent with the cRSS serving as substrates for the V(D)J recombinase. However, consensus sequence representations of even moderately variable DNA motifs have limited utility for predictions of function (28, 29) .
Recombination signal information content (RIC) analysis of HPRT cRSS sequences
Models of the correlation structure of mouse RSS, termed RIC, efficiently identify immunologic and cRSS and accurately predict recombination efficiencies (28, 29) . Similar models for human RSS have not yet been fully developed, but the RIC model for mouse 12-RSS has been used to screen human V H gene segments for cRSS, and those cRSS tested supported detectable levels of recombination in extrachromosomal recombination assays (30) . Thus, until verification of the human RIC 12/23 models are completed, the murine RIC 12/23 models may have utility in identifying and comparing human RSS and cRSS.
To evaluate the recombination potentials of the four cRSS in the human HPRT locus, we computed the RIC score for each 28-and 39-bp cRSS sequence (͗http://bioinformatics.duke.edu/dulci͘) or (͗http://bio.ieo-research.it/RSS/rss.html͘) (Fig. 6A) . The lowest RIC 12 score for any mouse immunologic 12-RSS is RIC T12 ϭ Ϫ48.16, thus we expect any 28-bp cRSS sequence scoring at or above this threshold to support RAG-mediated recombination. Similarly, the lowest RIC 23 score for a immunologic mouse 23-RSS is RIC T23 ϭ Ϫ69.69, and 39-bp sequences with this score or better should also function. By these criteria, the putative 5Ј cRSS at positions 2198 is predicted to act as either a 12-or 23-RSS substrate (Fig. 6A) . The 3Ј class I cRSS at nt 22250 is predicted to function as a 12-RSS but may also have marginal activity as a 23-RSS (Fig. 6A) , as its RIC 23 (Fig. 6A) . Finally, the 3Ј class II cRSS at 20155 is predicted to function as either a 12-or 23-RSS substrate.
These RIC scores suggest that both class I and II deletions may represent RAG-driven excisions where the 5Ј cRSS (at 2198) and the 3Ј cRSS (at 22250 or 20155, respectively) can pair reciprocally as 12-and 23-RSS. This flexibility in synapsis may allow for multiple RAG-mediated events. In class III deletions, however, the 3Ј cRSS (at 22568) can be used only as a 23-RSS restricting the molecular events that result in class III deletions. This could partially explain why the class I events are more common than the class III events, but does not explain the rarity of class II events.
Discussion
The goal of this study was to examine age and gender specific differences in the processing of nonselected V(D)J recombination events at cRSS at the HPRT locus during fetal and childhood development. This data can provide mechanistic insight into the developmentally specific V(D)J recombinase-mediated rearrangements observed in healthy children and the genetic changes in children with leukemia.
We observed several age and gender specific differences in the quantity and type of N-nucleotide additions. We observed that TdT-mediated insertions of N-nucleotides show a predominance of GC nucleotides and a preference for homopolymer insertions. In addition, the overall percent of coding junctions with N-nucleotide additions significantly increased with age, which may reflect an age dependent increase in TdT activity. An increase in coding junctions containing N-nucleotides in females compared with males also suggests that the activity of TdT is higher in females. The observed lack of preference for GC nucleotide insertions in preterm males suggests that TdT preference for dGTP addition is suppressed in male preterm newborns and is consistent with a concurrent study examining coding junctions at the TCR-␤ locus in these subjects (J. M. Murray, J. P. O'Neill, T. Messier, J. Rivers, V. E. Walker, P. M. Vacek, and B. A. Finette, unpublished observations). We also observed developmentally specific differences in the presence of inverted repeats (P r -nucleotides) at nucleolytically processed coding ends. In contrast, analysis of P r -nucleotide inserts in over 600 human V H DJ H rearrangements by Soute-Carneiro et al. (32) , showed no evidence of P r -nucleotide insertions occurring at levels above that expected via random insertion by TdT activity (4, 31, 32) . P r -nucleotide insertions were only significantly different than expected when analyzed for age-specific differences. This suggests that the difference in P r -nucleotide insertions is due to an age-specific change in TdT activity. Gauss and Lieber (4) reported that the presence of inverted repeats at processed ends was dependent on TdT activity, supporting the idea that the occurrence of P r -nucleotides is either a result of TdT-mediated random insertion events that generate these inverted repeats or a modulated TdT activity that varies depending on developmental age (4) . Our data suggest that P r -nucleotide insertions are an age specific developmental event.
The TdT protein has been shown to complex with many proteins, including the DNA-PK hetero-trimer, proliferating cell nuclear Ag, TdT-interacting factor (TDIF)1, and TDIF2, that in turn, regulate the activity of TdT. DNA-PK has been shown to limit the activity of TdT resulting in addition of fewer N-nucleotides and a preference for dGTP insertions (33) . Proliferating cell nuclear Ag and TDIF2 have been reported to decrease TdT activity using in vitro assays while TDIF1 can enhance TdT activity 4-fold (34 -36) . Our data suggest that the specificity of TdT activity is also developmentally regulated. We observed a variation in the preference for GC addition in preterm males at the HPRT locus, which suggests a change in the regulation via DNA-PK. However, whether the suspected age-and gender-specific regulation of TdT activity occurs via a novel mechanism or through differential regulation of one or more of these associated proteins remains to be elucidated.
Recently, two family X polymerases, pol and pol , have been shown to be recruited by the NHEJ core proteins and participate in gap filling of NHEJ-repaired double-strand breaks (8, 37, 38) . It is thought that theses proteins are also responsible for rare N-nucleotides observed in V(D)J coding junctions in the absence of TdT activity (39, 40) . The specific ability of these polymerases to use adjacent sequences through a looping mechanism to fill gaps suggests that with TdT these polymerases may have a role in the addition of Pr-nucleotide observed at coding junctions (41) (42) (43) . Therefore age-specific expression of pol and pol could account for our developmental specific findings for N-nucleotide and Prnucleotide insertions.
Using extra-chromosomal substrates, Gauss and Lieber (4) demonstrated that microhomology was used in 57% of coding junctions from human cells in the absence of TdT activity. In the presence of TdT activity, microhomology use was reduced to 47% in junctions with no N-nucleotide additions (4). We observed that 17% of HPRT coding end junctions with no N-nucleotide additions appear to be resolved via microhomology. Repasky et al. (31) have reported that microhomology usage varied depending on the type of substrate used. Specifically, microhomology was observed in 38 and 63% of coding junctions, respectively, for plasmid substrates in murine cells expressing the full-length RAG1/2 proteins with and without expressing full-length TdT. Using integrated chromosomal substrates, microhomology levels drop to 8 and 16%, respectively (we calculated the percent microhomology with TdT expression using coding junctions with no N-nucleotides). This suggests that the ability of coding ends to use a microhomology mechanism of resolving the coding joint varies depending on the overall structure of the complex.
We also observed that newborns have increased nucleolytic processing compared with children 1-12.5 years of age. The Artemis protein, associated with NHEJ, has been shown to be capable of exonucleolytic activity at coding ends and our data could suggest a modulation of Artemis activity with age. However, Artemis-deficient cell lines have residual exonuclease activity, suggesting that there are alternate protein(s) involved in coding end processing (44) . Recently, Thai and Kearney (45) identified three splice variants of human TdT termed TdTS, TdTL1, and TdTL2. TdTL1 appears to be expressed primarily in transformed cells while TdTS and TdTL2 are expressed in pro-and pre-B cells as well as in all thymocyte subpopulations (DN, DP, CD4 ϩ , and CD8 ϩ ) during human fetal development. Their analysis demonstrated that TdTL1 and TdTL2 isoforms are capable of 3Ј-5Ј exonuclease activity on ends with either 3Ј or 5Ј extensions. Expressing these variants with RAG1/2 core proteins resulted in an overall difference in the amount of nucleolytic processing. Expression of TdTS alone resulted in an average 2.3 nt being deleted at the coding junctions. This increased to 5.7 nt in the presence of TdTL2 and was at 3.1 nt when both isoforms were expressed. Age-dependent differences in the expression of these TdT isoforms could result in a modulation of TdT activity that may explain our observed age specific differences in the amount and extent of nucleolytic processing of coding ends in newborn infants compared with children 1-12.5 years of age.
The reasons for our differences in nucleolytic processing of the 5Ј HPRT coding end depending on the 3Ј HPRT coding partner are unclear and differ from that observed for plasmid substrates (6). Although a difference was observed in the amount of P r -nucleotides inserted in class I vs class III deletion events, these values were not significantly above that predicted due to random insertion via TdT activity. A portion of the increase seen in the class III coding junctions appears to be due to the strict pattern of nucleolytic processing observed at the 5Ј coding end, with 79% of the coding ends having 2 or 3 bases deleted limiting the coding end variation (Fig. 5) .
To gain insight into the differential usage of the 3Ј cRSS in RAG-mediated deletions of exons 2 and 3 in HPRT we computed RIC scores (͗http://bioinformatics.duke.edu/dulci͘) for the 28-and 39-nt sequences adjacent to each breakpoint. The RIC scores indicate that the conserved 5Ј cRSS site can be used as both a 12-RSS and 23-RSS. Of clinical importance is that RAG-mediated deletions at the HPRT locus are analogous to sil-tal1 deletions observed in 15-26% of T cell acute lymphoblastic leukemias (27, 46, 47) . RAG-mediated rearrangements at the sil-tal1 loci result in a ϳ90-kb deletion altering the expression of the TAL1 transcription factor. Analogous to RAG-mediated recombination at the HPRT locus a single 5Ј cRSS site is used in combination with multiple 3Ј cRSS sites (Fig. 6B) . Type 1 and 2 sil-tal1 deletions are most frequently identified accounting for ϳ82 and 16% of these deletion events, respectively. The three other 3Ј cRSS sites account for ϳ3% of the events, each having been observed only one time. We computed RIC scores for the 28-and 39-bp cRSS sites used in RAG-mediated sil-tal1 deletions as either 12-or 23-RSS using the RSS Project Database Search (͗http://bioinformatics.duke.edu/ dulci͘) or (͗http://bio.ieo-research.it/RSS/rss.html͘) (Fig. 6B) . RIC scores for the 5Ј cRSS predict that its recombination efficiency would be very low whether used as a 12-or 23-RSS. The RIC scores for the type 1 3Ј cRSS predicted it to function as a 23-RSS, while the type 2 3Ј cRSS indicate that this cRSS could function as both a 12-and 23-RSS. The type 4 3Ј cRSS is predicted to function as a 12-RSS, and the remaining two 3Ј cRSS are predicted to have low recombination efficiencies whether used as 12-or 23-RSS. In vitro recombination frequency (Rf) experiments using plasmid substrates suggest that the 5Ј cRSS functions as a 12-RSS (48) . If this is the case and the 3Ј cRSS are used as 23-RSS, then the RIC scores accurately predict that the type 3, 4, and 5 deletions would be rare events while the type 1 and 2 deletions would be limited by the poor recombination efficiency of the 5Ј cRSS. The RIC scores do not reflect, however, the relative frequencies of the type 1 and 2 RAG-mediated events at the sil-tal1 loci. To investigate the difference between RIC scores and observed cRSS usage, we conducted systematic RIC analyzes of introns 1 and 3 at the HPRT locus. We identified putative cRSS predicted to function in V(D)Jmediated deletions of exons 2 and 3. We used more stringent RIC cutoffs to identify cRSS predicted to be the most functional (12-RSS Ͻ Ϫ39.0 and 23-RSS Ͻ Ϫ59.0). We identified six putative cRSS (two 12-RSS and four 23-RSS) within intron 1 and three putative cRSS (all 23-RSS) within intron 3 (data not shown). Intron 3 analysis also identified the 3Ј cRSS sites previously described for class II deletion events (Fig. 6) . The newly identified putative cRSS sites are predicted to generate exon 2-3 deletions in conjunction with each other (a 5Ј cRSS in intron 1 with a 3Ј cRSS in intron 3) or with the cRSS sites described in this study. However, of the exon 2 and 3 exclusions observed in cDNA analysis of the HPRT locus in children, ϳ93% are class I or class III V(D)J mediated deletions, ϳ5% are splice site or other mutations affecting exon 2 and 3 splicing and ϳ2% have not been completely characterized. These data suggest that the putative cRSS identified are either not used in vivo or that they are used at such a low level they have not been observed to date. The fact that the putative cRSS sites have better RIC scores than the used HPRT cRSS class I and III sites suggests that the RIC analysis using the mouse model is not applicable for human RSS and/or cRSS sites or that accessibility plays a crucial role in usage of in vivo sites. The 93 and 77% identity between the mouse and human 12-and 23-RSS consensus sequences suggests the latter.
The RIC score thresholds for immunologic mouse RSS predict that there are some 0.5-1.0 ϫ 10 6 cRSS sites in mammalian genomes that, if accessible to the recombinase, would be capable of rearranging as efficiently as RSS at immune loci (30) . Several of the cRSS at the HPRT and sil-tal1 loci have lower RIC scores indicating that the number of sites potentially involved in RAGmediated rearrangement at biologically relevant levels is probably much higher.
We present the first large-scale analysis of in vivo V(D)J recombinase coding-end processing in peripheral T cells at functional cRSS during various stages of human development. We demonstrate that there are significant age-and gender-specific differences in V(D)J recombinase coding-end processing. These changes suggest there are alterations in the processing machinery that could also affect the immune repertoire of children. These data are consistent with other gender-and development-specific differences that occur during fetal ontogeny for neural differentiation (49) , growth (50), lung maturation (51), cardiac development (52), and glutathione-reductase expression (53) . In addition, an increasing number of genomic rearrangements have been identified in leukemic cells from children, many of which appear to be mediated by V(D)J recombinase during fetal development (54 -57) . Of importance is the correlation between the significant increase in V(D)J recombinase mediated HPRT deletions at functional cRSS during the late stages of fetal development, and the epidemiologic data that show a gender-specific female predominance for infant leukemia (22, 23) . These observations suggest that functional cRSS sites at pathologic and nonpathologic loci could be more accessible during specific phases of fetal and childhood development.
